The water activity (Aw) and moisture content (MC) data of floral honey at five temperatures were determined using the Aw method and it was found that temperature significantly affected the Aw/MC data. The linear equation could be used to express the relationship between Aw and MC of honeys. The empirical regression equations between parameters and temperature were established. To evaluate the factors affecting the Aw/MC data, we used categorical tests of regression analysis to assess the effect of the correlation between Aw and MC of honey and examined the factors affecting the regression parameters. Six datasets from five countries were selected from the literature. The significance of the levels of qualitative categories was tested by t-test. The slope of the relationship between Aw and MC was affected by the state of honey (liquid and crystallized). The intercepts were significantly affected by honey type (flower or honeydew), harvesting year, geographical collection site, botanical source and other factors. The outliers in the datasets significantly affected the results. With modern regression analysis, useful information on the correlation between Aw and MC could be found. The results indicated that no universal linear equation for Aw and MC could be used. The Aw value could be used as a criterion for the honey industry; then, the MC of honey could be calculated by the specific linear equation between Aw and MC.
Introduction
The use of honey has a long history. The sweet food made by bees obtaining nectar from flowers is called flower honey. When bees obtain the sweet secretions of aphids or other insects, the product is called honeydew [1] . Honey is usually maintained in a liquid state. The other is called crystallized honey; many factors such as chemical composition, a degree of supersaturation, viscosity, a fructose/glucose ratio, moisture and dextrine content, water activity, micro-crystals and nucleation seeds presence, age, storage temperature and thermal history all influence its properties [2] .
Fermentation is a problem for honey. The liquid mixture contains water, fructose and acid, so yeast could develop when the water content reaches a certain level [3] . The higher the water content, the greater the occurrence of fermentation and spoilage. The water content in called moisture content (MC) in the food industry. Rockland [4] determined that the amount of the free water is really a response to the development of yeast, and not MC. The amount of free water could be described as water activity (Aw). The Aw for honey ranges from 0.5~0.65 [5] [6] [7] [8] [9] [10] [11] . The limiting Aw for yeast in honey is about 0.61~0.62 [12] according to Beuchat et al. [12] and 0.60 [8, 10, 13, 14] according to Beckh et al. [13] , Gletier et al. [8] , Ruegg and Blanc [14] , and Zamora and Chirife [10] .
The official method for MC measurement is refractometric measurement. It is inexpensive and easy to use. However, it cannot be directly used for crystallized honey.
With a promising methods for measuring Aw, the MC of honey can then be calculated using a previously established empirical equation. Some experiments have been performed to determine
Materials and Methods

Materials
The floral honey used for this study was Longyuan honey collected at the Chunglaun Township, Nantou, Taiwan. The initial moisture content of the sample was 17.16% on a w.b.
The desired moisture content for storage and processing ranges from 17% to 22% w.b. The samples were rewetted by adding the amount of the water necessary to reach the desired moisture content. The sample preparation was performed according to the study by Shen and Chen [23] . All samples were sealed in glass vessels and stored at 5 • C for three weeks to ensure uniform moisture content. The moisture content of the honey was measured by using the ATAGO DR-A1 ABBE Refractometer (Atago Inc., Bellevue, WA, USA). The total number of sample in this study was 27. There were nine moisture contents, and three replicates of each moisture content.
RH Meter
The THT-V2 humidity transmitter (Shinyei technology, Kobe, Japan) was used to determine the water activity of the floral honey. These RH sensors were calibrated with several saturated salt solutions, and the accuracy of the RH meter was within 0.7% RH after calibration. All measured RH values were transformed into actual values by using previously established calibration equations to enhance its accuracy.
Aw Method
The set-up for the Aw method is shown in Figure 1 . Samples at known moisture contents were placed in a glass vessel, sealed with a rubber stopper to ensure airtight conditions, and then placed in a temperature-controlled chamber that was maintained at 5 • C. The volume of the vessel was 250 mL. When the temperature and the RH within the container were stabilized, the vapor pressure of the samples and the interstitial air in the vessel reached the equilibrium state. The RH and temperature values were determined. To ensure the equilibrium state, each temperature level was maintained for 12 h, then adjusted to next temperature level. All Aw values were measured at five temperatures (10, 15, 20, 25 and 30 • C). After finishing the experiments, the samples were taken from each vessel to determine the moisture content using the ATAGO DR-A1 ABBE Refractometer. 
RH Meter
Aw Method
The set-up for the Aw method is shown in Figure 1 . Samples at known moisture contents were placed in a glass vessel, sealed with a rubber stopper to ensure airtight conditions, and then placed in a temperature-controlled chamber that was maintained at 5 °C. The volume of the vessel was 250 mL. When the temperature and the RH within the container were stabilized, the vapor pressure of the samples and the interstitial air in the vessel reached the equilibrium state. The RH and temperature values were determined. To ensure the equilibrium state, each temperature level was maintained for 12 h, then adjusted to next temperature level. All Aw values were measured at five temperatures (10, 15, 20, 25 and 30 °C) . After finishing the experiments, the samples were taken from each vessel to determine the moisture content using the ATAGO DR-A1 ABBE Refractometer. This technique has been used to determinate sorption isotherm for autoclaved aerated concrete [24] , sweet potato slices [25] , pea seeds [26] and Oolong tea [27] .
Literature Survey
The six datasets from five countries used to evaluate the factors affecting the regression parameters between Aw and MC are in Table l . The published models used, along with the data from the literature and seven other published models, are displayed in Table 2 . This technique has been used to determinate sorption isotherm for autoclaved aerated concrete [24] , sweet potato slices [25] , pea seeds [26] and Oolong tea [27] .
The six datasets from five countries used to evaluate the factors affecting the regression parameters between Aw and MC are in Table 1 . The published models used, along with the data from the literature and seven other published models, are displayed in Table 2 . 
Categorical Tests
If the influencing factor has several levels of qualitative categories, the significance of the qualitative treatment could be tested by t-test or F-test.
Testing the Slope for Two Treatments
To evaluate the effect of categorical variables such as type or state of honey, an indicator variable is used. The equation for the regression line relating two types of datasets that differ in both intercept and slope are as follows:
For factor A :
To test the hypothesis that two regression lines have the same slope or intercept, we could use the t-test. For three treatments, the regression equations relating datasets that differ in both intercept and slope are as follows: 
For factor B :
For factor C :
If the qualitative variables have two qualitative factors (e.g., flower and honeydew, crystallized and liquefied), the regression line can be expressed as follows:
a : liquefied, flower :
b : crystallized, flower :
c : liquefied, honeydew :
d : crystallized, honeydew :
Results
Water Activity of Honey
The Aw/MC data at five temperatures are shown in Figure 2 . Temperature significantly affected the Aw/MC data.
The results of the estimated parameters and comparison statistics for the linear equation at different temperature are in Table 3 . The effect of temperature on parameters A and B is shown in Figures 3 and 4 . The results of the estimated parameters and comparison statistics for the linear equation at different temperature are in Table 3 . The effect of temperature on parameters A and B is shown in Figures 3 and 4 . The results of the estimated parameters and comparison statistics for the linear equation at different temperature are in Table 3 . The effect of temperature on parameters A and B is shown in Figures 3 and 4 . The empirical regression equations between parameters and temperature were established. The equation for A and B was expressed as:
Three forms of the linear equation that incorporated the temperature term were proposed as follows: 
Comparison with Published Data
The Aw/MC linear equation of floral honey at 25 °C in this study was compared with published data ( Figure 5 ). At MC < 20.5%, the Aw values of this study were lower than other data. However, when MC > 20.5%, the Aw values of this study were higher than those of Gleiter et al. [8] . The reason for this could be that the Aw/MC data were affected by honey type (flower or honeydew), harvesting year, geographical collection site, botanical source and other factors. Further study was executed to study the factors influencing the Aw/MC data. 
The Aw/MC linear equation of floral honey at 25 • C in this study was compared with published data ( Figure 5 ). At MC < 20.5%, the Aw values of this study were lower than other data. However, when MC > 20.5%, the Aw values of this study were higher than those of Gleiter et al. [8] . The reason for this could be that the Aw/MC data were affected by honey type (flower or honeydew), harvesting year, geographical collection site, botanical source and other factors. Further study was executed to study the factors influencing the Aw/MC data. 
Effect of Honey Type on Aw
Two types of honey (flower and honeydew) [5] were used to evaluate the factors affecting the relationship between Aw and MC by Equation (1) . The data distribution and predicted lines are in Figure 6 . 
From Equation (17)- (19), we found no significant difference in the slope of the linear equation for flower and honeydew honey. However, the intercept significantly differed with two types of honey.
Effect of the Type and State of Honey on the Aw and MC Relationship
The datasets for Glitter et al. [8] included different honey types (flower and honeydew) and states (liquid and crystallized). Two indicator variables were analyzed by Equation (8 
where Z is the categorized variable, Z = 0 is flower honey and Z = 1 is honeydew honey. 
For flower honey, Aw = 0.19964 + 0.020579MC (18) For honeydew honey, Aw = 0.18171 + 0.020579MC (19) From Equation (17)- (19), we found no significant difference in the slope of the linear equation for flower and honeydew honey. However, the intercept significantly differed with two types of honey.
The datasets for Glitter et al. [8] included different honey types (flower and honeydew) and states (liquid and crystallized). Two indicator variables were analyzed by Equation (8) .
The regression equation was as follows: 
The results indicated a significant difference in the intercept. With the same crystallized state, flower and honeydew honey had a similar slope, 0.016905. With the same liquid state, the slope was 0.012995. That is, the state not the type of honey significantly affects the slope parameter of the Aw linear equation. The prediction lines of two states and two types of honey are in Figure 7 . 
Comparison of the Correlation between Aw and MC with Two Datasets
Several datasets for Aw and MC for honey were used to evaluate factors affecting correlation between the Aw and MC.
3.5.1. Argentinian [7] and Slovenian Honeys [5] The datasets from different countries with the liquid state are in Figure 8 . 
3.5.1. Argentinian [7] and Slovenian Honeys [5] The datasets from different countries with the liquid state are in Figure 8 . The relationship between water activity and moisture content of flower and honeydew honey from Argentinian [7] and Slovenia [5] .
Two datasets for Slovenia honey were pooled and evaluated by Equation (4 
. German and Slovenian Honeys
The datasets for Aw and MC for the two countries had the same slope, but a different intercept. The datasets from Germany (pooled flower and honeydew, liquid state) [8] and Slovenia (liquid state) honey [5] are in Figure 9 and were used for assessing the influencing factors. Figure 9 . The relationship between water activity and moisture content for datasets for honey from Germany (pooled of the flower and honeydew, liquid state) [8] and Slovenia (liquid state) [5] . The relationship between water activity and moisture content of flower and honeydew honey from Argentinian [7] and Slovenia [5] .
The datasets for Aw and MC for the two countries had the same slope, but a different intercept. The datasets from Germany (pooled flower and honeydew, liquid state) [8] and Slovenia (liquid state) honey [5] are in Figure 9 and were used for assessing the influencing factors. The relationship between water activity and moisture content of flower and honeydew honey from Argentinian [7] and Slovenia [5] .
Two datasets for Slovenia honey were pooled and evaluated by Equation 
German and Slovenian Honeys
The datasets for Aw and MC for the two countries had the same slope, but a different intercept. The datasets from Germany (pooled flower and honeydew, liquid state) [8] and Slovenia (liquid state) honey [5] are in Figure 9 and were used for assessing the influencing factors. Figure 9 . The relationship between water activity and moisture content for datasets for honey from Germany (pooled of the flower and honeydew, liquid state) [8] and Slovenia (liquid state) [5] . Watwe activity
Moisture content, % Germany, flower Aw Germany, honeydew Aw Slovenian, flower Aw Slovenian, honeydew Aw Figure 9 . The relationship between water activity and moisture content for datasets for honey from Germany (pooled of the flower and honeydew, liquid state) [8] and Slovenia (liquid state) [5] . 
The type (flower or honeydew) did not significantly affect the slope.
Mixed-Source and Slovenian Honeys
The datasets from different types and states [13] and Slovenian honey (pooled liquid states: flower and honeydew) [5] are evaluate in Figure 10 . 
The datasets from different types and states [13] and Slovenian honey (pooled liquid states: flower and honeydew) [5] are evaluate in Figure 10 . Figure 10 . The relationship between water activity and moisture content for datasets for honey of different types and states [13] and Slovenia (pooled data of liquid states: flower and honeydew) [5] .
The linear regression was as follows: Chirife et al. [7] compared the correlation for Argentina fluid honey and mixed honey from different countries [13] and found that the intercept and slopes of both differed. These results could be explained by the source of the honey. The Argentinian honey was liquid, the mixed honey included liquid, crystallized and partially crystallized states.
Spanish and Slovenian Honeys
The datasets from Spain (flower honey, unknown state) [6] and Slovenia (pooled data of liquid states, flower and honeydew) [5] are in Figure 11 . The regression equation was as follows: Water activity
Moisture content, % Slovenian, liquid Aw Argentine, mixed Aw Figure 10 . The relationship between water activity and moisture content for datasets for honey of different types and states [13] and Slovenia (pooled data of liquid states: flower and honeydew) [5] .
The linear regression was as follows:
The Z·MC had a t-test value of -2.96 and p = 0.00336, showing a significant effect. Both datasets had different slopes and intercepts.
Chirife et al. [7] compared the correlation for Argentina fluid honey and mixed honey from different countries [13] and found that the intercept and slopes of both differed. These results could be explained by the source of the honey. The Argentinian honey was liquid, the mixed honey included liquid, crystallized and partially crystallized states.
The datasets from Spain (flower honey, unknown state) [6] and Slovenia (pooled data of liquid states, flower and honeydew) [5] are in Figure 11 
The t-test value for Z·MC was −2.30, with p = 0.022, so datasets for the two countries had different slopes and intercepts. The relationship between water activity and moisture content for datasets for honey from Spain (flower honeys, unknown state) [6] and Slovenia (pooled data of liquid states, flower and honeydew) [5] .
German (Crystallized State) and Slovenian (Liquid State) Honeys
The datasets from Gleiter et al. [8] and Abramovic et al. [5] for honey in different states are assessed ( Figure 12) . Figure 12 . The relationship between water activity and moisture content for datasets for honey from Germany [8] and Slovenia [5] .
The regression equation was as follows: Water activity
Moisture content, % Slovenian, liquid Aw Germany, Crystallised Aw Figure 11 . The relationship between water activity and moisture content for datasets for honey from Spain (flower honeys, unknown state) [6] and Slovenia (pooled data of liquid states, flower and honeydew) [5] .
3.5.5. German (Crystallized State) and Slovenian (Liquid State) Honeys
The datasets from Gleiter et al. [8] and Abramovic et al. [5] for honey in different states are assessed ( Figure 12 ). The relationship between water activity and moisture content for datasets for honey from Spain (flower honeys, unknown state) [6] and Slovenia (pooled data of liquid states, flower and honeydew) [5] .
The regression equation was as follows: The relationship between water activity and moisture content for datasets for honey from Germany [8] and Slovenia [5] . Three datasets were used: German liquid flower (Z 1 = 0, Z 2 = 0) and honeydew (Z 1 = 1, Z 2 = 0) honey [8] and Argentinian liquid honey (Z 1 = 0, Z 2 = 1) [7] .
The linear equation was as follows: 
The slope of the three datasets was identical, and the intercepts significantly differed.
b. Case 2
Three datasets, Slovenian [5] liquid honeydew (Z 1 = 0, Z 2 = 0) and flower honey (Z 1 = 1, Z 2 = 0) and Argentinian liquid honey [7] , were used.
The slope of the three datasets was identical and the intercepts significantly differed. Zamora et al. [10] compared regression equations for Aw and MC for honey from different countries and found no significant difference based on botanical source or geographical collection site. Our study confirms these results.
c. Case 3
Three datasets, German crystallized flower and honeydew honey (Z 1 = 0, Z 2 = 0) [8] , Argentinian liquid honey (Z 1 = 1, Z 2 = 0) [7] and Slovenian liquid honeydew and flower honey (Z 1 = 0, Z 2 = 1) [5] , were used. The linear equation was as follows: 
The slopes and intercepts of the three datasets significantly differed. The intercept and slope of the equation for the dataset of flower honey from La Palma Island, Spain, significantly differed from those in other datasets [9] . Outlier data (17.2233, 0.6084) was found by the Cook's distance test [21] . The original linear equation proposed by the authors was as follows:
After deleting this data, the new equation was as follows:
The comparison between Equations (32) and (33) is shown in Figure 13 . The comparison between equations (32) and (33) is shown in Figure 13 . After deleting this data point, the slope, intercept and coefficient of determination changed obviously.
If we compare all data from Sanjuan et al. [9] with the datasets for Argentinian honey [7] , the linear equation was as follows: (37) After deleting this data point, the slope, intercept and coefficient of determination changed obviously.
If we compare all data from Sanjuan et al. [9] with the datasets for Argentinian honey [7] , the linear equation was as follows:
The intercept and slope for the two datasets differed significantly. If the outlier was deleted from the datasets of Sanjuan et al. [9] , the equation for evaluating the two datasets was as follows: The slope of the two datasets was identical. From the results of Equations (37) and (38), the outlier significantly affected the comparison results for the two datasets. With modern regression analysis, more useful information on correlation between Aw and MC could be found. The results indicated the importance of finding the correct equation with modern regression.
Discussion
Based on the study of the datasets of Gleiter et al. [8] , the intercept parameters differed significantly. The slope parameter could be classified into two categories: liquid and crystallized. Thus, the slope for the linear equation was affected only by the state of the honey. The type of honey, flower and honeydew, and other factors did not affect the slope but did affect the intercept.
Chirife et al. [7] found that Aw in honey was determined mainly by the concentrations of fructose and glucose that are most abundant in honey. The authors developed an Aw equation from the effect of the osmotic concertation on the osmotic coefficient, which was as follows:
where Φ is the osmotic coefficient, m is molality and v is the number of moles of kinetic units. By Taylor's expansion, and assuming 0.018mv << 1, the new relationship is as follows:
For very concentrated and small intervals of sugar solutions, Equation (40) was rewritten as follows:
where (s) is the solid concentration in water, and A and B are constants. In this study, we found the slope to be affected only by the state of the honey (liquid or crystallized). The other factors, such as type (flower or honeydew), geographical collection sites and botanical source did not significantly affect the slope, but did affect the intercept of the Aw equation.
Perez et al. [18] selected 10 datasets of flower honey to study the relationship between Aw and MC and found similar but not identical the slopes and intercepts of these linear regressions. The authors attributed the finding to sampling error, accuracy of the Aw measurement, and variation in sugar composition. The slopes for 10 datasets ranged from 0.0149 to 0.0197. However, the state of honey was not mentioned in this research. We found a slope of 0.016905 for crystallized honey and 0.012995 for liquid honey for the datasets of Gleiter et al. [8] . The wide slope range for the 10 datasets from the study of Perez et al. [18] may be explained by the effects due to the state of honey. The slope for the linear equation for Slovenia honey [5] and five other datasets ranged from 0.014 to 0.0196. The difference in parameters was attributed to sugar composition and the Aw determination methods by the authors. The significant difference between the two maximum and minimum slope values, 0.014 and 0.0196, could be explained by the state of the honey.
The study by Cavia et al. [6] included three groups of samples. The G 1 and G 2 datasets were obtained in 1996 and 1998 from a continental climate, and the G 3 datasets was obtained in 1998 from an oceanic climate. The slopes for the Aw model were 0.02149 and 0.02362 for G 1 and G 2 and 0.01476 for G 3 . The significant difference between the three slopes could be explained by the effect of climate on the state of the honey. The crystallized state enhanced by the continental climate may be due to the difference in slope values.
The MC of honey is considered to be the criterion for the honey industry. The MC is usually determined by the refractometric technique. The method is simple and inexpensive. However, the MC could be affected by weather conditions, original moisture content of the nectar, and environmental temperature and humidity after harvesting. The storage materials and sealed technique also affect MC. The MC of the crystallized state cannot be directly measured by refractometer.
The Aw is measured by some commercial equipment. The criterion of Aw < 0.6 may be used as a safety standard to prevent the development of osmotolerant yeasts. Recently, the performance of electronic hygrometers has been improved. They have been used to determine the Aw of tea leaves and other materials [23, 24] .
In this study, we found an effect of factors on slope for the correlation between Aw and MC. The state of honey, crystallized and liquid, had a significant effect on the slope value. However, other factors, such as harvesting year, botanic source and collection sites did not affect the slope but did affect the intercept. Therefore, no universal linear equation for Aw and MC could be established. The Aw value may be used as the criterion for the honey industry and directly determined by an electronic hygrometer. Then the MC of honey could be calculated by the specific linear equation between Aw and MC. The effect of the temperature needs to be considered.
In the traditional MC and AW determination method, honey must be liquefied previously, so that all crystals are totally melted, such that all measurements can be done with liquid honey. By the Aw method used in this study, the Aw values of crystallized honey could be determined directly in the crystalline state.
In this study, the moisture content of liquid honey was measured by using a refractometer. There are two official procedures Association Official Analytical Chemists (AOAC) and European Honey Commission (EHC) [28, 29] for determining the moisture content. A comparison between the official method and the refractometer has been reported [30] . The comparison between the official method and the refractometer of floral honey used in this study will be further studied.
Conclusions
Conclusions were drawn from the results of this study. The Aw/MC data at five temperatures were determined, and temperature significantly affected the Aw/MC data. The linear equation could be used to express the relationship between Aw and MC of Honeys. The empirical regression equations between parameters and temperature were established. The intercept and slope of the linear equation could be expressed as the polynomial equations.
The slope of the correlation between Aw and MC was affected by the state of honey (liquid and crystallized). The intercept was significantly affected by honey type (flower or honeydew), harvesting year, geographical collection site and botanical source. The outliers in the dataset significantly affected the comparison results. Modern regression analysis can provide useful information for the correlation between Aw and MC. No universal linear equation for Aw and MC could be established. The Aw value may be used as the criterion for honey industry, and then the MC of honeys can be calculated by the specific linear equation between Aw and MC.
Funding: This research received no external funding.
